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These studies are possible since these drugs induce motor behaviors in insects that are strikingly similar to those induced in higher animals. In addition, repeated drug exposures result in plastic changes in responsiveness; tolerance to alcohol, 4 and reverse tolerance, or sensitization, to repeated exposures to cocaine. 1 Sensitization is of interest in that it represents an animal model for a long-lasting behavioral change that appears linked to the long-lasting drug craving in animals and humans, 5 and also has potential links to mental disorders such as schizophrenia. 6 Here we will focus on studies of sensitization in Drosophila, emphasizing an unexpected link between sensitization and the circadian gene family. responsiveness and sensitization: 11 in vivo expression of either tetanus toxin light chain, a blocker of evoked transmitter release, or inhibitory or stimulatory G proteins, in the dopamine plus serotonin neurons results in alterations in cocaine responsiveness and inhibition of sensitization. These observations show the involvement of dopamine and/or serotonin in Drosophila cocaine responses, and indicate that sensitization either requires active G protein signaling in the presynaptic neurons, or possibly that sensitization can only come about when levels of amine release are in a near-normal range. The directionality of the responses in Drosophila indicate that postsynaptic responses are modulated in a compensatory direction relative to the magnitude of presynaptic release, a homeostatic phenomonon also seen in vertebrates. In addition, a mutant in the regulatory type II subunit of PKA leads to reduced responsiveness to cocaine and the abolition of sensitization. 12 The real strength of the Drosophila model is in the potential for identification of novel pathways that would be much more difficult to uncover in vertebrates. Recent studies have identified two additional pathways required for cocaine sensitization in Drosophila. First, the trace amine tyramine is essential for sensitization, as shown by a mutant line, inactive (iav) , that is defective in sensitization. This line shows reduced tyramine levels, and sensitization can be restored to iav by ). In addition, the presynaptic autoreceptors are subsensitive, although this subsensitivity is more likely a shorter term neural adaptation than sensitization. In both pre-and post-synaptic cells, protein kinase A (PKA)/cAMP signaling systems are activated downstream of the 7-TM receptors, and G protein signaling can directly affect ion channels. Hypersensitivity of the post-synaptic dopamine receptors can be long lasting. 8 selective feeding of tyramine. 13 An active role for tyramine is inferred from the finding that activity of the tyramine biosynthetic enzyme, tyrosine decarboxylase (TDC), is induced subsequent to a single cocaine exposure, with kinetics that closely match the time course for induction of sensitization following a single cocaine exposure. Tyramine can cause vertebrate and Drosophila amine transporters to reverse polarity, 14, 15 dumping amines into the synaptic cleft, giving a potential mechanism by which tyramine could lead to transient increases in released dopamine associated with sensitization in vertebrates.
The second novel pathway required for cocaine sensitization in Drosophila is the circadian gene pathway. 16 This pathway has few defined roles outside of circadian biology, and is highly conserved between flies and vertebrates. This pathway consists of a set of tran- ). In flies, the PAS domain PERIOD (PER) protein forms a heterodimer with TIMELESS (TIM); this heterodimer interacts with a heterodimer of dCLOCK:CYCLE (dCLK;CYC) to inhibit the normal function of this heterodimer, which is to stimulate transcription of the period and timeless genes. By altering stability and nuclear entry of PER and TIM with the DOUBLETIME (DBT) kinase and by the input of light, 24-h rhythmic expression can be obtained, targetting a potential output neuropeptide, pigment dispersing factor (PDF).
Although there are reports of diurnal effects on psychostimulant responses and sensitization [18] [19] [20] [21] [22] and psychostimulant effects on circadian rhythmicity in vertebrates, [23] [24] [25] there are no published data in vertebrates directly linking sensitization to the circadian gene pathway. Our findings of such a connection had its roots in observations that responsiveness of a Drosophila nerve cord preparation to a dopamine D2-like agonist, quinpirole, varied as a function of circadian time. 26 In these studies we measured the amount of locomotion stimulated by addition of quinpirole to the nerve cord of flies that were decapitated at different times in the day/night cycle. The circadian nature of this effect is apparent since this variation continues in flies kept in constant dim light for 24 h, and is abolished in per 0 mutant flies. Concurrently in the lab, we were investigating whether another analogy with vertebrates would hold, the postsynaptic hypersensitivity of dopamine receptors that occurs associated with sensitization. 8 We found that the same nerve cord preparation when generated from living flies sensitized to cocaine showed increased responsiveness to quinpirole. 16 Given that we now had shown modulation of nerve cord dopamine agonist responsiveness associated with both circadian behavior and sensitization, and that circadian modulation of responsiveness required period gene function, it was logical to ask whether per function was required for sensitization. As we have reported, 16 not only per, but also the circadian genes clk, cyc, and dbt are required for both sensitization and normal responsiveness to the initial cocaine exposure. The intriguing exception to the rule is the gene timeless, whose gene product forms a heterodimer with PER, 27, 28 since cocaine responsiveness and sensitization is essentially normal in tim 0 mutant flies. This finding has several implications: First, it provides evidence for a degree of separation of circadian and cocaine pathways. Second, it means that PER is likely functioning in the cocaine pathway either as a homodimer or as a heterodimer with an unknown binding partner. Third, it provides initial evidence that neurons other than the lateral neurons, which are critical for circadian behaviors, are involved in cocaine responses, since PER levels in these neurons are greatly reduced in the absence of TIM function. [29] [30] [31] These results add to the increasing evi- dence that PER can have nuclear functions even in the absence of TIM. 32 These findings lead to the following model for cocaine sensitization in flies, as sketched in Figure 2 . Upon initial cocaine exposure (Figure 2, I ), dopamine and/or serotonin flood the synaptic clefts due to transporter blockade, activating presynaptic autoreceptors that lead to altered G protein-dependent amine release from these cells, as well as activating amine receptors on nearby tyramine releasing neurons. This latter activation triggers a signaling cascade involving the circadian gene pathway that leads to a 6-h delayed activation of TDC activity. This results in increased tyramine release into the vicinity of the aminergic neuronal synapses 6 h subsequent to cocaine exposure (Figure 2 , II). This tyramine can potentially act on two types of targets: First, tyramine can cause an amphetamine-like reversal of the membrane amine transporters, either with vertebrate 33, 34 or fly 15 transporters. This increase in released amine could affect the surface appearance of these transporters (reviewed in Buckley et al, 35 and Blakely and Baumann 36 ), which could lead to the enhanced cocaine responsiveness characteristic of sensitization. Second, tyramine could be acting directly on tyramine receptors. 37, 38 Are these observations of the fly cirwww.nature.com/tpj cadian pathway requirement in cocaine sensitization relevant to vertebrates? In vertebrate models, encouraging connections between these pathways are coming from studies of knockout mice, where a number of circadian genes have been mutated via homologous recombination. First, work from the laboratories of Spanagel and Albrecht (Abarca, Albrecht & Spanagel, submitted) show a loss of cocaine sensitization and conditioned place preference, a measure of the rewarding properties of cocaine, in mice lacking the period homolog mper1; intriguingly, mice lacking the related mper2 gene do not show this phenotype, indicating a direct relationship between cocaine sensitization functions for mper1 and Drosophila per. Second, CLOCK mutant mice show several properties indicating interaction with dopamine pathways, although they do sensitize to cocaine. 39 Whether the ability of CLOCK mice to sensitize to cocaine is due to genetic redundancy vs fundamentally different sensitization mechanisms relative to Drosophila awaits further studies. Nonetheless, these early findings from mouse give strong indications that studies of novel cocaine response pathways in Drosophila can usefully inform vertebrate studies. Furthermore, this only serves to increase the awe in appreciating the fact that these cocaine-linked pathways have been conserved in the invertebrate and vertebrate lineages for roughly a billion years of evolution.
To conclude, we must address the issue implied by the title: does cocaine stimulate reward pathways in flies? At this point we aren't sure: work in my laboratory and others has failed to yield positive evidence from conditioned place preference studies. This may indicate a limitation of the fly as a model system. But equally well, it may indicate that we haven't yet learned how to assay for positive reward in flies, or that the positive rewarding properties of crack cocaine are masked by the aversive nature of the aerosol in which it is delivered.
